Molecular data on a limited number of chromosomal loci have shown that the population of Neisseria meningitidis (Nm), a deadly human pathogen, is structured in distinct lineages. Given that the Nm population undergoes substantial recombination, the mechanisms resulting in the evolution of these lineages, their persistence in time, and the implications for the pathogenicity of the bacterium are not yet completely understood. Based on whole-genome sequencing, we show that Nm is structured in phylogenetic clades. Through acquisition of specific genes and through insertions and rearrangements, each clade has acquired and remodeled specific genomic tracts, with the potential to impact on the commensal and virulence behavior of Nm. Despite this clear evidence of a structured population, we confirm high rates of detectable recombination throughout the whole Nm chromosome. However, gene conversion events were found to be longer within clades than between clades, suggesting a DNA cleavage mechanism associated with the phylogeny of the species. We identify 22 restriction modification systems, probably acquired by horizontal gene transfer from outside of the species/genus, whose distribution in the different strains coincides with the phylogenetic clade structure. We provide evidence that these clade-associated restriction modification systems generate a differential barrier to DNA exchange consistent with the observed population structure. These findings have general implications for the emergence of lineage structure and virulence in recombining bacterial populations, and they could provide an evolutionary framework for the population biology of a number of other bacterial species that show contradictory population structure and dynamics.
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meningococcus | population structure and dynamics | phylogenetic clades | pan-genome A Gram-negative encapsulated bacterium, Neisseria meningitidis (Nm) is a common commensal with a carriage prevalence of 8-25% in human populations (1) . Despite its prevalence, Nm occasionally causes very severe meningococcal meningitis and septicemia as an accidental pathogen that derives no long-term evolutionary benefit from the pathology that it causes (2) in that the capacity to cause disease is apparently not coupled with transmission efficiency between hosts. A number of putative virulence factors have been identified or proposed (3) , and some are significantly associated with invasive disease (4, 5) . However, the search for a genetic basis that would explain why some lineages but not others have a high odds ratio for disease has proven elusive, even when investigated at the whole-genome level (6) .
The Nm population consists of multiple genotypes that exhibit signatures of both clonal descent and genetic exchange (7, 8) . Based on multilocus sequence typing (MLST), the Nm genotypes may be grouped into distinct lineages, previously identified as clone (or clonal) complexes (CC), based on the sequence similarity of neutral alleles (9) . Despite high rates of recombination, these lineages persist and disseminate globally over many decades (10) (11) (12) . The observation that distinct lineages exist in Nm is consistent with neutral evolution and does not necessarily require any special nonneutral process. However, patterns of variation within and among Nm lineages show evidence of deviations from neutrality, and several explanations have been used to reconcile these findings (11) (12) (13) .
Analysis of multiple Nm genome sequences has shed light on a number of mechanisms for mediating genomic flexibility as a strategy for adapting to changes in the environment within and between human hosts (14, 15) . Comparative genome analysis of disease and carriage strains suggests that the species originated from an unencapsulated ancestor by the acquisition of speciesspecific insertion sequences (ISs), that differentiate Nm from the rest of the genus, and of genes required for the production of a polysaccharide capsule (6) . However, the limited number of isolates sequenced so far has not enabled a population study at the whole-genome level to be completed.
We report an analysis of 15 previously unpublished and 5 publicly available Nm genomes isolated from five continents, including strains of five different capsular serogroups. Our results show that the Nm species population has evolved into distinct phylogenetic clades (PCs) larger than the lineages identified by MLST. Each PC possesses a unique set of restriction modification systems (RMSs) that results in a differential barrier to genetic transfer and accounts for the observed structuring of the population of Nm genotypes.
Results
Nm Pan-Genome Grows Slowly Because Strain-Specific Genes Are Rare. Fourteen Nm serogroup B strains and one Nm serogroup X strain were sequenced in this study and supplemented by five publicly available genomes, providing a dataset of 20 genomes that include strains isolated from five continents, five serogroups, and 10 CCs (Table S1 ).
The asymptotic core genome size was estimated to be 1,630 ± 62 genes (Fig. 1A) . The pan-genome was confirmed as open (16) (Fig. 1B ) but growing at a slow rate (Heaps' law exponent = 0.04 ± 0.01) compared with other nonclosed gene repertoires (17) . A slightly higher exponent was obtained when correcting for the strain selection bias in the sample caused by CC or serogroup composition (0.06 ± 0.04), suggesting that the abundance in the dataset of strains belonging to serogroup B and five CCs associated with disease might lead to an underestimate of the pangenome growth rate. Extrapolation of the data indicates that, if 100 genomes were sequenced, the Nm pan-genome would consist of ∼2,500 genes (∼2,650 or ∼2,700 when correcting for CC or serogroup bias, respectively), and each single isolate thereafter would contribute an average of less than two new genes (Fig.  1C) . Each meningococcal genome is expected to be composed, on average, of 79% core, 21% dispensable, and <0.1% specific genes. Although the pool of genes pertaining to Nm is open, the number of strain-specific genes is very small. As a consequence, species diversity will be determined by presence/absence of sequences associated with groups of isolates as well as by nucleotide sequence variation of core genes and only to a very limited extent, by strain-specific genes.
Nm Population Is Structured in Phylogenetic Clades Comprising Different CCs. Phylogenetic networks based on variation within core and dispensable sequences ( Fig. 2 and Fig. S1G ) showed that strains from the same CC are closely related and form monophyletic groups. Strains from CC32/CC269 and CC8/CC11 also showed clear common ancestry, similar to the MLST-based relationship identified between ST-41 and ST-44 subcomplexes. This was confirmed by methods based on gene presence/absence, maximum likelihood, and distance-based phylogeny (Fig. S1 ). We propose a phylogenetic clade (PC) concept for Nm, where each PC can comprise more than one CC: PC32/269, PC8/11, and PC41/44. Five strains, not belonging to these PCs, did not Strains not clustering into phylogenetic groups are shown in yellow. Colored boxes report, for each PC, the main properties of PC-specific DNA insertions. The box in the bottom right corner reports, for each PC and CC, the percentage of nucleotide identity (average ± SD) and the number of specific genes. The box in the bottom left corner reports the main properties of CC-and PC-specific rearrangements, which are mapped as circular arrows on the phylogeny. Details on DNA insertions and rearrangements are provided in SI Results, where each event is identified by the same label as reported here.
show a phylogenetic structure with robust statistical support, forming a star-like topology ( Fig. 2 and Fig. S1 ). Such topologies reflect an excess of rare alleles compared with neutral expectations and can be attributed to the simultaneous diversification of multiple lineages because of rapid population expansion after a bottleneck (18) and/or to the confounding effect of homologous recombination (19) .
Chromosomal Inversions Produce PC-Specific Arrangements in
Pathogenicity-Related Operons. Ten major chromosomal rearrangements were identified between the 11 genomes sequenced to closure (SI Results and Fig. S2A ). Breakpoints were mostly associated with duplicated repeat sequence 3 (dRS3) (20) (significant association, P < 0.01) and IS elements (not significant because of the ubiquity of ISs). Three rearrangements seem to have happened more than one time, revealing regions of particular instability and suggesting caution in the use of chromosomal rearrangements as phylogenetic markers. These inversions occurred within PCs, differentiating the chromosomal structure between CC8 and CC11 and between CC32 and CC269. The other seven rearrangements were found only one time, and six were PC-specific (Fig. S1H) . These results support the evolutionary consistency of PCs. Seven inversions have a potential biological impact on the chromosomal regions flanking the breakpoints (SI Results and Fig. S2B ). In particular, four PC-specific rearrangements might influence the expression of restriction modification genes and genes involved in the pathogenesis of the meningococcus (Fig. 2 , Rχ/Rδ and Rγ/ Rη, respectively, SI Results, and Fig. S2 ).
Clade-Specific Genes Are Highly Conserved and Mostly Involved in
Host-Pathogen Interaction. The biological relevance of PCs is further supported by the consistency of the PC-specific gene pool. On a random basis, it is expected that more genes would be specific to smaller groups, like CCs, and fewer genes would be specific to larger groups, like PCs. Unexpectedly, we find considerably more PC-specific than CC-specific genes (Fig. 2) , and all PC-specific DNA regions (eight regions for PC32/269, four regions for PC8/11, and eight regions for PC41/44) (SI Results) are highly conserved (nucleotide identity ≥ 99.3% for 18 of 20 regions), suggesting that each PC emerged recently. Most PCspecific genes are involved in restriction modification and Nmhost interplay, either contributing new functional genes or inserting within preexisting operons without disrupting resident genes (SI Results and Fig. S3 ). Through acquisition of specific genes and through insertions and rearrangements that have a potential effect on preexisting functions, each PC has acquired and remodeled specific genomic tracts that will likely influence host-pathogen interactions. . No significant positional bias for recombination was detected along the chromosome, and ρ did not correlate positively with the degree of sequence conservation; this suggests that recombination acts similarly on most of the genome, whereas ρ/θ was lower than average in genes involved in DNA metabolism (Bonferroni-corrected Fisher P value < 0.01). A significant correlation was found between ρ and the density of DNA uptake sequences (DUSs; Spearman correlation coefficient = 0.14, P value < 10 −7 ), and a smaller proportion of nonrecombining DNA was predicted in the core genome (11%) than in the dispensable genome (45%), where DUS density is much lower (23) . These results confirm the link between DUSs and homologous recombination and the role of the latter in preserving genome stability rather than generating adaptive variation (23) .
Content and Organization of Insertion Sequences Do Not Segregate
by PCs. Thirty-nine IS prototypes, belonging to nine IS families, were present in variable copy numbers per genome (SI Materials and Methods and Fig. S4A ). Each strain harbored an average of 41 ISs (minimum of 32 to maximum of 51), with a rather homogeneous distribution across isolates. Clustering based on IS content isolated the meningitidis species from the rest of the genus (6) . The same analysis applied to our dataset revealed a very poor correlation between IS content and intraspecies population structure (Fig. S4B) , and none of the PCs were reproduced as a monophyletic group. CCs that clustered together had weak bootstrap support (e.g., CC32 with 50% support), whereas relationships incompatible with the established phylogeny had strong support (e.g., the FAM18-Z2491 pair had 80% support). Therefore, with a few exceptions, such as a Tn3-like element specific to PC32/269, ISs move quite freely within the species, frequently crossing PC borders.
Restriction Modification Is a Determinant of PCs. RMSs were the only functional class showing specific genes or rearrangements in each PC (Fig. 2) . We identified 22 putative RMSs (Table S2) (Fig. 3) . One-half of the RMSs are localized in five hotspots for integration of minimal mobile elements (MMEs) (24) (Table  S3 and Fig. S5 ). The majority of RMSs have a GC content incompatible with Nm (Table S2 ), indicating that the RMS repertoire is primarily composed of MMEs acquired from other species and/or genera through horizontal gene transfer (HGT).
In contrast to ISs, clustering of RMS presence/absence accurately reproduces the core genome phylogenetic structure of the species (Fig. 3) , with high bootstrap support (92-100%) for the three PCs and poor support for the other nodes (21-63%) (Fig.  S1E) . Each PC is associated with a specific RMS pattern: PC32/269 with seven RMSs (except strain M13399 that lacks the EcoR124II Type I RMS), PC41/44 with nine RMSs (except the carriage strain OX99-30304 that lacks the EcoPI-ModD Type III RMS), and PC8/11 with seven RMSs. Not all of the RMSs are specific to a single PC, but each PC has a unique combination of RMSs.
A meta-analysis was performed to test 189 meningococcal strains for the presence/absence of five PC-specific RMSs (EcoPI-ModB1 for PC32/269, NmeDI for PC8/11, EcoPI-ModD and NmeSIM for PC41/44, and Nme18ORF1992P for CC213) and one RMS that is specific to two PCs (NmeBI for PC32/ 269 and PC41/44) (Materials and Methods and Table S4 ). Each RMS showed a highly significant association with the respective PC or combination of PCs (all Bonferroni-corrected Fisher association P values < 10
), confirming our pan-genomic study on a larger epidemiological scale.
Gene Conversion Events Are Longer Within PCs than Between PCs.
Gene conversion events within the 20 genomes were mapped using an inferential method (25) (Materials and Methods). The average length of within PC imports was fivefold higher than the length of between PC imports (3.89 vs. 0.68 kb) (Fig. 4A) . The frequency of short imports (<1 kb) was twofold higher than between PC imports, whereas that of long imports (≥5 kb) was 40-fold higher within PC imports. Although the number of gene conversions is similar, the length of DNA exchanged between PC is significantly smaller than within PC (approximately fivefold smaller, P value < 10
−6
). Results were supported by an independent analysis of linkage-disequilibrium patterns (Fig. 4B) , and a significant correlation was found between the number of RMSs shared by two isolates and the average length of exchanged DNA (Pearson correlation = −0.54, P value < 10 −16 ). A mechanism that generates a difference in the length but not in the number of imports would have to play its role after DNA uptake but before its integration into the recipient chromosome. Thus, results indicate the presence of a selective DNA cleavage mechanism, the typical signature of RMSs, whose activity is directly correlated with the population structure of the species.
Discussion and Outlook
Analysis of sequence variation in Nm strains at a limited number of core genome loci (≤10 kb) identified groups of strains (CCs) sharing a common ancestry (9) . The search for common ancestry between CCs (i.e., the reconstruction of the evolutionary history at the species level rather than within restricted groups of isolates) proved elusive because of the limited number of loci investigated (22) . Here, we show that the whole core genome (∼1.4 Mb) provides sufficient power to identify robust phylogenetic relationships between isolates belonging to different CCs. The Nm population is structured in compartments larger than CCs, which we suggest to name PCs. CC32 and CC269 as well as CC8 and CC11, lineages considered for a long time as separate epidemiological entities, do merge into PC32/269 and PC8/11. Over time, as more complete genome sequences are determined, we anticipate a continuous improvement of the definition of meningococcal PCs, with the inclusion of additional CCs in these PCs and the identification of new PCs.
Each of the three PCs identified is associated with specific gene content/arrangements in functional compartments critical to bacterial-host interactions. Further experimental work using relevant in vitro, ex vivo, or in vivo models is needed to determine the role of PC-specific genes in Nm pathogenesis. Nevertheless, genomic results reported here, together with the lack of evidence for a general determinant of the commensal-pathogenic transition in the species (6) , are suggestive of a multifactorial nature of Nm pathogenicity developed/acquired by different clones in multiple independent evolutionary events. Meningococcal PCs are not necessarily associated with a defined odds ratio for disease but constitute a simplifying tool for the identification of determinants of pathogenicity, allowing comparative and functional studies to be performed in large and diverse groups of strains whose evolutionary history is now resolved.
We also show that homologous recombination is detectable across the genome, with an average of 1.59 recombination events per mutation event, and we confirm the correlation between recombination and density of DUSs on the chromosome (23) suggesting a regenerative, stabilizing function for transformation as opposed to a diversifying one. As previously observed in Nm, population structure and dynamics seem to provide contradicting evidences, because the presence and persistence of phylogenetic structures seem to contradict the high and pervasive HGT rate estimated. A possible explanation comes from the dispensable genome of the species, where we identified 22 RMSs distributed in a very heterogeneous manner among the 20 strains. The simple presence/ absence of RMSs was sufficient to accurately reconstruct the phylogenetic structure of the sample. Each PC was associated with a specific repertoire of RMSs, and highly significant associations with PCs were measured on a panel of 189 strains for six RMSs, as previously suggested by a microarray-based comparative genomic hybridization study (5) .
The strong relationship between PCs and RMS could be interpreted either as the cause of the observed phylogenetic structure or as a mere consequence of a diversification process driven by other mechanisms, such as variation in fitness and transmissibility (26) , neutral microepidemic evolution (11), or immune selection (12) . In support of the first hypothesis, in silico analysis revealed that gene conversion events within a single PC are more than fivefold longer than events crossing PC barriers and that the length of exchanged DNA is significantly correlated with the number of RMSs shared between isolates. In principle, one might expect a higher rate of recombination among closely related isolates because of sequence similarity. However, no correlation was observed between recombination and degree of sequence polymorphism, and the substantial difference measured here is not in the rate but in the length of recombined DNA. This is suggestive of a PC-specific DNA cleavage mechanism, typical of RMSs, acting in the recipient cell after exogenous DNA is taken up but before it recombines with the recipient chromosome. A similar mechanism, first identified in Nm using cocultivation experiments, showed that a CC32-specific RMS was responsible for partial restriction of DNA transfer from CC11 to CC32 isolates (27) and suggested genetic isolation of the hypervirulent lineages of serogroup C meningococci (28) . More recently, clustering of imported DNA endpoints observed in Helicobacter pylori suggested a role for RMSs in limiting recombination length (29) , and a correlation between four RMSs and phylogenetic clusters was reported in Haemophilus influenzae, suggesting that heterogeneity in RMSs limits genetic exchange between randomly chosen strains (30) .
Nm RMSs displayed characteristics of mobile elements but did not follow the random patterns observed for other mobile elements like ISs. Conversely, we observe that strains belonging to the same PC have one or no different RMSs, whereas the strains belonging to different PCs have on average more than seven different RMSs, providing multiple barriers to DNA exchange, even if some of these systems can phase vary to play a regulatory role (31) . Therefore, we propose a model (Fig. 5 ) where homologous recombination, instead of being a force opposed to the population structure, is the very cause of the PCs observed in Nm. In a substantially pan-mictic population, homologous recombination wipes out phylogenetic relationships. When a clone acquires a new RMS, this is inherited by its offspring, whose ability to exchange DNA with other members of the species is reduced proportionally to the efficiency of the DNA restriction, because the effect of a single recombination event is directly proportional to the length of the converted DNA (32) . As a result, (i) the progeny of the clone is less exposed to the confounding effect of homologous recombination, and (ii) efficient homologous recombination among the offspring of the originating clone plays a stabilizing regenerative role, giving rise to a new lineage in the population.
The paradigm of DNA transformation in Gram-negative bacteria, in which dsDNA crosses the outer membrane and is then transported across the inner membrane as ssDNA (33) , has posed conceptual challenges to this model, because ssDNA is often considered to be resistant to endonucleases. However, several restriction enzymes mediate cleavage of ssDNA (34) , and restriction of ssDNA has been shown to be a barrier to natural transformation in Pseudomonas stutzeri (35) . dsDNA has been detected after transformation of pathogenic Nm (36), and a model for processing of ssDNA and dsDNA in the cytoplasm has been proposed for N. gonorrheae based on processing by RecA and RecBCD (37) . Nm DNA uptake is coupled to pilus retraction (38) . Although it has been observed that PilQ-mediated DNA uptake is more efficient with ssDNA than dsDNA (39) , no preference was detected among other DNA binding proteins identified, including PilG (38) .
It has already been proposed that RMSs have a function in maintaining species identity and controlling speciation (40) . The mechanism is proposed here in an organic manner as the driver of the population structure within a single bacterial species. We envision a global pan-genomic effort in the meningococcal community, similar to the MLST effort in the early 2000s, which should include determination of the core genome to resolve the population structure and the dispensable genome to validate the relationship between RMSs and PCs and characterize PC-specific gene repertoires. Because the majority of pathogenic bacteria investigated to date occupy an intermediate position between the clonal and pan-mictic paradigms (41) , this effort could be relevant to a broad spectrum of microbial species.
Materials and Methods
Sequencing and Annotation. The genome sequences of 15 Nm strains (Table S1 ) were determined and annotated as reported in SI Materials and Methods. All gaps were closed in the G2136, H44/76, M01-240149, M01-240355, M04-240196, and NZ-05/33 genomes, whereas N1568, OX99-30304, M6190, M13399, M0579, ES14902, CU385, 961-5945, and M01-240013 remained as draft genomes. Genome sequences and annotations have been deposited in GenBank as CP002419, CP002420, CP002421, CP002422, CP002423, CP002424, AEQD00000000, AEQE00000000, AEQF00000000, AEQG00000000, AEQH00000000, AEQI00000000, AEQJ00000000, AEQK00000000, and AEQL00000000, respectively.
Pan-Genome Analysis. Genome comparisons for the pan-genome analysis were performed as previously described (42) with the modifications reported in SI Materials and Methods. Four different datasets were analyzed: (i) 20 genomes (Table S1 ), (ii) 10 genomes-1 genome per CC (G2136, M01-240355, N1568, NZ-05/33, α14, MC58, Z2491, 053442, M04-240196, and FAM18-to correct for the overrepresentation of five CCs, (iii) 7 genomes-1 genome per serogroup A, X, and cnl, 2 genomes per serogroups C and B (α14, MC58, N1568, Z2491, NZ-05/ 33, 053442, and FAM18-to correct for the overrepresentation of serogroup B, and (iv) 7 serogroup B genomes-G2136, OX99-30304, M01-240355, MC58, M6190, NZ-05/33, and M04-240196-to compare with the previous dataset.
Multiple Genome Alignments. Three different multiple genome alignments were produced with the progressive Mauve algorithm of the Mauve v2.3.1 toolkit using the seed-family option (43) . It is comprised of (i) 20 Nm genomes (Table S1 ) plus the complete genome of N. gonorrheae strain FA1090 as an outgroup, (ii) 20 Nm genomes without FA1090, and (iii) 11 Nm genomes that were sequenced to closure to perform positional analyses. Core and dispensable sequences were extracted from the first two align- ments and realigned using the MAFFT v6.24 aligner (44) with options -ep 0 -genafpair -maxiterate 1,000. The third alignment revealed 137 DNA regions internally free from genome rearrangement [locally collinear blocks (LCBs)], 25 of which included DNA from all genomes. The 25 core LCBs, accounting for 93% ± 2% of each genome, were selected for positional analysis.
Phylogenetic and Positional Analyses. Core and dispensable genome-based phylogenetic networks of Fig. 2 and Fig. S1G were determined using the NeighborNet algorithm as implemented in SplitsTree v.4 (45) using the multiple sequence alignment of the concatenated core and dispensable genomes, respectively. Other phylogenetic analyses reported in Fig. S1 are described in SI Materials and Methods. Inversion events within the chromosomes of 11 closed Nm genomes were reconstructed with the Bayesian model of genome rearrangements implemented in BADGER version 1.01β (46) with default values for the parameters.
RMS Analysis. A putativeRMS was called whenboth the DNA methylaseand DNA endonuclease were present and adjacent on the chromosome, even if possibly frame-shifted or disrupted. An RMS presence/absence matrix was constructed (Fig. 3) and clustered with the bootstrapped agglomerative hierarchical clustering implemented in Mev 4.4.0 (47), with Euclidian distance, average linkage clustering, and 100 bootstrap replicates. RMS presence/absence data were also collected for six RMSs across 189 Nm strains by merging heterogeneous evidences collected from various sources (Table S4 and SI Materials and Methods). A Fisher exact test, as implemented in R version 2.9.2 (http://www.r-project.org), was used with Bonferroni correction to test RMS-PC associations.
Homologous Recombination Detection. We estimated the population-scaled recombination rate ρ and the Watterson estimate for the mutation rate θ with the pair-wise algorithm implemented in LDHat 2.1 (48) using an average gene conversion length of 1.1 kb as in ref. 12 . The multiple genome alignment of 20 Nm genomes was scanned with 1-kb tailing windows (50% overlapping). Windows containing sequence data for five or more genomes were analyzed. ρ and θ were also estimated with the same algorithm on multiple alignments of Mugsy-based ortholog clusters (SI Materials and Methods). DUS density was determined for Mugsy clusters with 100-bp flanks, and the correlation with ρ was tested using the Spearman correlation test implemented in R 2.9.2. Individual gene conversion events were detected with GENECONV (25) , with modifications (SI Materials and Methods) on each LCB ≥ 5 kb obtained from the multiple alignment of 20 Nm genomes.
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Budroni et al. 10 .1073/pnas.1019751108 SI Materials and Methods Sequencing and Annotation. The complete genome sequences of M04-240196 and NZ-05/33 were determined using capillary-based sequencing (1) to approximately three times coverage of a 2-to 3-kbp library for both, five times coverage of a 10-to 12-kbp library for NZ-05/33, and five times coverage of a 6-to 8-kbp library for M04-240196. The sequences were assembled into contigs using the Celera Assembler (2), all gaps were closed (3), and the sequence was rotated to place the predicted origin of replication at base pair 1 as in the MC58 genome (4). The N1568 genome was sequenced to ∼2.5× coverage with capillary sequences of a 2-to 3-kbp library and one-half a plate of Roche 454 FLX unmated reads with construction of a hybrid assembly directly by Celera Assembler (2). The remaining 12 genomes were determined sequencing a 2-to 4-kbp library to approximately five times coverage and a 6-to 8-kbp library to approximately three times coverage with capillary-based sequencing and one-half a plate of Roche 454 FLX unmated pyrosequences. Assembly of these occurred before the invention of hybrid assemblers. Therefore, the 454 sequences were assembled into contigs using Newbler, shredded into 600-bp reads with quality base scores of 3 and coverage equal to that of the contigs, and assembled with the Sanger reads using the Celera Assembler (5) .
ORFs from the M04-240196 and NZ-05/33 genomes were predicted and annotated using a suite of automated tools that combine Glimmer gene prediction (6, 7), ORF and non-ORF feature identification (e.g., protein motifs) using tRNAscan-SE (8), RNAmmer (9), hmmpfam (10, 11), blastp (12), SignalP (13), prosite (14) , LipoP (15) , and tmhmm (16) , and assignment of database matches and functional role categories to genes (3) followed by manual curation of the annotation using Manatee. Frame shifts and point mutations were detected and corrected where appropriate; those that were experimentally verified were annotated as authentic, whereas all others were annotated as unverified. This was repeated for the other 13 genomes, except that the manual improvement of annotation was replaced with automated improvements using a mummer-based (17) mapping program to transfer the high-quality annotation from these first two genomes. Although around 2,200 ORFs were expected in each genome, 2,600-3,100 ORFs were predicted for each genome. The 400-900 extra ORFs were culled from the genome if they lacked functional evidence and were (i) <50 aa, (ii) overlapping genes with functional annotation or known repeats (e.g., Correia repeats), or (iii) lacking an appropriate third position skew. Further annotation improvements focused on improving the ortholog clusters are described below.
Genome Comparisons. Orthologous genes were predicted using two methods for these and all published Neisseria meningitidis genomes (4, (18) (19) (20) (21) (Table S1 ). First, orthologous gene clusters were obtained from bidirectional best blastp matches using a clustering method used by Sybil (22) . In brief, these clusters, called Jaccard ortholog clusters (JOCs), first use blastp matches to cluster paralogs within a genome and then identify orthologs. Paralog clusters within each of the genomes were identified by building a graph of best blastp matches, with edges scored by percent identity and the Jaccard coefficient. Only edges meeting the criteria of ≥80% identity, 70% coverage, and Jaccard coefficient ≥ 0.6 (23) were saved. Connected components in the graph define clusters of predicted paralogs. Members of paralog clusters were then organized into ortholog clusters by allowing any member of a paralog cluster to contribute to the reciprocal best matches for a given ortholog cluster. The conservation of ortholog clusters across the various genomes analyzed was determined using Sybil, a web-based software package for comparative genomics (22) , as described previously (24) (25) (26) (27) .
Because JOCs are based on protein homology, they ignore available information about synteny that would allow the delineation of true orthologs in the presence of duplications/paralogs. Therefore, a second ortholog identification method was used using whole-genome alignment to better identify orthologs with conserved synteny. First, the DNA sequences of all contigs were aligned using the reference independent whole-genome alignment tool Mugsy (28) . Mugsy uses NUCmer (29) and segment-based consistency multiple alignment (30) to align orthologous regions in the input genomes. Annotated genes are mapped onto the resulting multiple alignments based on the annotated start and stop coordinates using a greedy clustering algorithm implemented in custom scripts. The clustering starts with the longest gene in the dataset and adds genes in other genomes to the cluster that aligns >50% of the length according to the whole-genome alignment. The clustering is continued until all genes have been placed in clusters or singletons. In cases where a single annotated gene spans a number of smaller genes in another genome, all shorter genes are clustered with the longer predicted gene. A first set of clusters was saved based on the 50% alignment cutoff alone. Another set was saved, with the additional requirement that the longest gene had to be spanned over 70% of its length by one or more annotated genes in other genomes (Mugsy-COGs).
Core Genome and Pan-Genome Analyses. Genome comparisons for the core and pan-genome analyses were performed according to a previously described approach (25) , with the following modifications. Each pair of genome sequences was compared by means of (i) wu-blastp searches (all protein vs. all protein sequences) and (ii) wu-tblastn searches (all proteins vs. translated genome sequences; http://www.advbiocomp.com/blast.html). Results from these two comparative searches were then combined to minimize the number of false-negative matches. Hits were filtered such that homologs were defined as having 50% sequence similarity over at least 50% of the length of the protein (25) .
The sequential inclusion of up to n = 20 strains was then simulated in all possible combinations to determine the number of core, dispensable, and strain-specific genes. For each value of N (number of strains from 1 to 20), the generated distributions of values were analyzed. Means and SDs were used as point estimates of the central tendency and weights, respectively, for the weighted non-linear least-square regressions performed using the Levenberg-Marquardt algorithm as implemented in OriginPro 7.5.
The regression analysis for the core genome was performed by fitting an exponential decay function to the data (Eq. S1):
where n core is the average of core gene distributions, k, τ, and Θ are free parameters, and the regression was performed for the number of genomes n > 5 to capture the asymptotic behavior of the decay. The best fit was obtained with R 2 = 0.995 for k = 347 ± 55, τ = 8.8 ± 5, and Θ (the asymptotic core genome size) = 1,630 ± 62.
The regression analysis for new genes (n new )-i.e. the number of genes found in the Nth genome and not in the previous N-1 genomes analyzed-and the pan-genome was performed as previously described (31) . The power laws n new = k new N (1−α) and n pan = k pan N α (Heaps' law) were fitted for n ≥ 5 to new gene and pan-genome data, respectively, with a weighted least-square regression, where n new and n pan are the average of new gene and pan-genome distributions, respectively, N is the number of genomes, k new , k pan , and α are free parameters, and the inverse square of the respective SDs are weights. The best fits were obtained for k new = 90 ± 5, 1 − α = 0.93 ± 0.03 (R 2 = 0.994) and for k pan = 2,046 ± 66, α = 0.04 ± 0.01 (R 2 = 0.996). Values of α ∼ 0 indicate a logarithmically open pan-genome (i.e., the minimum rate of growth compatible with an unbounded pool of genes). Of note, values obtained performing the same regressions for n ≥ 4, 6, 7, and 8 were in good agreement with those reported, supporting the solidity of the result for the asymptotic tendency of this sample.
Multiple Genome
Phylogenetic Analyses. Core and dispensable genome-based phylogenetic networks of Fig. 2 and Fig. S1G were determined using the NeighborNet algorithm as implemented in SplitsTree v.4 (33) using the multiple sequence alignment of the concatenated core and dispensable genomes, respectively.
The phylogenetic tree of Reconstruction of Chromosomal Inversion for Closed Genomes. To identify inversion events within the chromosomes of the 11 N. meningitidis (Nm) strains sequenced to closure (Table S1 ), we applied the Bayesian model of genome rearrangements implemented in BADGER version 1.01β (37) to the 25 core locally collinear blocks (LCBs) identified by Mauve in the multiple genome alignment. In this model, genomic inversions are treated as a continuous time Markov process. All inversions are modeled to be equally likely. We ran 20 independent chains with 1,000,000 modification proposal steps each and then subsampled each chain every 100 steps. The resulting posterior sampling consists of 10,000 complete genome arrangement histories. A maximum parsimony algorithm is used to determine the final results.
Insertion Sequence Annotation and Clustering. To produce an accurate, specific annotation of the insertion sequence (IS) repertoire in the genomes studied, we ran a sequence similarity search with the search algorithm implemented in FASTA version 34 (38) between every annotated IS present in the IS-Finder repository (http://www-is.biotoul.fr/is.html) and the ORFs predicted in the 20 Nm genomes. Nm ORFs were considered hypothetical ISs when they shared ≥50% sequence similarity over at least 50% of the query length (IS-Finder annotated IS) and were assigned to the same prototype family of the IS-Finder entry showing the best alignment quality.
Sequence similarity scores were then normalized and clustered following the method adopted in ref. 18 , with 1,000 bootstrap replicates.
Restriction Modification System Manual Curation. To produce an accurate and comprehensive annotation of the restriction modification system (RMS) repertoire in the genome dataset under evaluation, each predicted Nm ORF was searched against the REBASE repository of RMS enzymes (39) with the search algorithm as implemented in FASTA 35 (38) .
Eighty-four JOCs had one or more sequence similarity hits with E ≤ 10 −5 on REBASE and were manually inspected. If an RMS had already been identified in an Nm strain, the published name was used. If not, the name of the best REBASE hit was assigned.
RMS Epidemiological Meta-Analysis. RMS presence/absence data were collected for six RMSs across 189 Nm strains by merging heterogeneous evidences collected from various sources. Not all systems were tested against all strains. Two RMSs, EcoPI-ModD and Nme18ORF1992P, were PCR-amplified and sequenced from a panel of 60 diverse meningococcal strains using standard procedures. Previously published PCR data (40) were collected for 103 strains of the meningococcal reference panel (41) for NmeBI and NmeDI. Presence/absence for 20 genomes of the present dataset were determined as described above for EcoPI-ModD, Nme18ORF1992P, EcoPI-ModB1, NmeSIM, NmeBI, and Nme-DI, and the same six RMSs were also BLAST-searched against 25 further draft genome sequences publicly available (http://www. genomesonline.org), with a 95% sequence identity cutoff. Results are presented in Table S4 with the following strain name color coding: green, unpublished PCR data; black, published PCR data; red, genomic evidence in genomes of the present study; blue, sequence similarity in other genome sequences.
Homologous Recombination Detection. We estimated the population-scaled recombination rate between two distantly linked loci caused by gene conversion (ρ = 2N e r, where N e is the effective population size and r is the per locus per generation recombination rate) with the pair-wise algorithm implemented in LDHat 2.1 (42) using an average gene conversion length of 1.1 kb as in ref. 43 .
Individual gene conversion events were detected with GEN-ECONV (44) on each LCB ≥ 5 kb obtained from the multiple alignment of the 20 Nm genomes, with default parameters. Two values of the g parameter were used: g = 0 and g = 1. Results did not change significantly, and for analysis, the g = 0 data were used. We selected events identified as internal to the dataset [no DNA import from outside of the multiple genome alignment, global inner (GI) fragments] and statistically significant according both to Bonferroni-corrected Karlin-Altschul (KA) P values and Bonferroni-corrected pair-wise permutation scores. Results of GENECONV were postprocessed to remove a potential sequence similarity bias with an ad hoc perl script available on request from the authors. For each gene conversion event identified, GENECONV used with the ShowPols = 1 option reports the first and last SNP on the pair-wise alignment marking the event. However, the length of the event is calculated including the conserved flanks on the alignment up to the first SNP (on each side) that is not part of the event. These conserved flanks may or may not belong to the event, completely or in part, because the real start and stop of the event lie between the first statistically significant and the last nonstatistically significant SNP on each side. The overall sequence similarity of two genomes introduces a bias in the length of these conserved flanks. Consequently, gene conversion events between closely related isolates could seem artificially longer then events between distantly related strains. To remove this potential bias, we removed the conserved flanks from each event and recomputed the length of each event as the distance between the first and last statistically significant SNP on the pair-wise alignment. This procedure leads to a small underestimation of the size of gene conversion events, possibly more severe on events involving closely related strains. As a result, the observed difference in length for within phylogenetic clade (PC) events (longer) and between PC events (shorter) is even more significant.
SI Results
Chromosomal Rearrangements. Computational analysis of the multiple genome alignment of 11 closed Nm genomes identified 10 chromosomal rearrangements sufficient to reconstruct the positional variations observed among orthologous regions on the chromosomes. Fig. S2A shows the different genome configurations caused by each inversion between chromosomes involved in the event. Each rearrangement was labeled with a Greek letter from α to λ, prefixed by R for unique events or RR for multiple (i.e., reversible) rearrangements. Seven inversions happened only one time, whereas three inversions were predicted to have happened more than one time during the evolution of the sample (RRα, RRβ, and RRϕ in Figs. S1H and S2A) .
One of the most striking characteristics of the meningococcal genomes is the abundance and diversity of repetitive DNA that can contribute to genome dynamics (45) . The most abundant classes are the DNA uptake sequences (DUSs) (46), dRS3 repeated sequences (20) , and the Correia elements (47) .
Ten of twenty breakpoints identified show the presence of one or more dRS3 elements; four breakpoints are flanked by an IS, two are flanked by DUSs, two are flanked by a complex repeated region, and two are flanked by an rRNA. Occurrence of DUSs, dRS3, Correia, and IS elements was measured, for each strain, in nonoverlapping 10-kb windows covering the whole genome, and a Wilcoxon rank sum test (R 2.9.2) was used to test for differences in the repeat element distribution between windows containing a chromosomal breakpoint and windows not containing breakpoints. The test identified significant differences only for dRS3 and DUS elements. On average, in each genome, the dRS3 density is 3.1 ± 0.2 elements per 10 kb, but in the breakpoint regions, this density grows to an average of 5.4 ± 0.3. Conversely, a deficit of DUSs was observed in breakpoint-associated windows, and an inverse association between DUS and dRS3 elements was measured on the whole chromosome (Spearman correlation coefficient = −0.23, P value < 0.01). This correlation suggests that, in the breakpoint regions as well as in any other region of the chromosome, DUS elements are substituted by dRS3 elements.
We conclude that dRS3 is a primary mediator of genome dynamics.
Further in silico analysis identified a potential functional impact on the chromosomal regions flanking the inversion for seven rearrangements (Fig. S2B) . Four inversions (Rχ, Rδ, Rη, and Rγ) are PC-specific and support the phylogenies shown in Fig.  S1H . PC32/269 is associated with two unique IS-mediated rearrangements (Rχ and Rδ in Fig. S1H ) that may have an impact on the expression of a flanking type III RMS EcoPI-ModB1 (48) , which may have consequences on DNA uptake and generate variation by recombination.
The Rγ inversion supports the evolutionary relationship that differentiates the α14 structure from other genomes (Fig. S1H) . The rearrangement in α14 seems to be mediated by recombination between dRS3 repeat arrays. Interestingly, the region flanks the adhesion and penetration protein App-NMB1985, a pivotal pathogenicity factor in the meningococcus (49) , and a FetA-iron regulated outer membrane protein (NMB1988). App belongs to a family of proteins used by a diverse group of Gram-negative bacteria for colonization and invasion (50) . FetA has been shown to induce bactericidal antibodies and has been considered as a vaccine candidate (51) .
The Rη rearrangement supports the phylogeny between Z2491 and other genomes (Fig. S1H) . Also, this event seems to be caused by recombination between dRS3 repeat arrays in Z2491. One of the arrays is adjacent to a pilin gene, pilC2-NMB0049, whereas the other flanks pilT-NMB0051, a gene involved in pilus retraction. The PilC proteins are outer membrane-associated proteins that have a key role in type IV pili (tfp) biogenesis, because PilC-null mutants seem defective for fiber expression (52) . In pathogenic Neisseria, tfp are responsible for adhesion to human host cells (53) as well as transformation competence (54), which are major features of the neisserial life cycle. PilC proteins have been shown to regulate PilT-mediated fiber retraction (55) . In all other strains, pilC2 is adjacent to pilT, whereas in Z2491, they are separated by the rearrangement.
The RRα reversible rearrangement in the central part of the chromosome differentiates H44/76 from MC58 as well as M01-240355 and M01-240149 from all of the other strains (Fig. S2A , RRα). It is probably because of recombination between chromosomally integrated phage genes. Associated in MC58, M01-240355, and M01-240149 with an extra hemagglutinin cluster, this rearrangement is a potential generator of antigen diversity that could modulate surface interactions with the host. Breakpoint regions are also flanked by DUS elements.
RRβ is a shorter inversion, of about 15 kb, occurring within PC32/269 and PC11/8 and localized within the capsule locus. Interestingly, it differentiates clone complex (CC) 32 from CC269 and CC11 from CC8, and it could be associated with both intra-PC diversification processes. Rearrangement within this locus could modulate capsule expression (Fig. S2A) , and the repeat region into the capsule locus is a possible mediator.
The RRϕ reversible inversion differentiates M01-240149 and 053442 from the other 18 strains. It is probably mediated by dRS3 elements flanking a breakpoint region localized within a bacteriocin-like resistance operon. The rearrangement could modulate the interaction between a bacteriocin-like substrate and a bacteriocin resistance protein, whose proximity is altered by the inversion.
Clade-Specific Genes. The six strains belonging to CC32 and CC269 share eight clade-specific chromosomal regions of various lengths containing 13 PC-specific genes (Fig. 2) . All of them are highly conserved (ID > 99.8%), supporting a recent emergence of PC32/ 269. There are eight regions. (i) A putative 8.6-kb two-partner secretion (TPS) system (NMB1209, NMB1210, NMB1212, and NMB1214) (Fig. S3A) . TPSs are widely used by Gram-negative bacteria for secreting large and often virulence-related proteins, and they have been reported to contribute to meningococcal adhesion to epithelial cells and be significantly associated with invasive CCs (56, 57) . (ii) A 1.1-kb region containing two hypothetical proteins (NMB0491 and NMB0492) (Fig. S3H ) occurs in a locus characterized by several hemagglutinin/hemolysin proteins. Interestingly, the hemagglutinin/hemolysin protein NMB0493 preceding the two hypothetical proteins belongs to the same type of TPS discussed above, and the downstream ORF (NMB0489) shows some homology to the 3′ end of NMB0493, suggesting that this genetic island contains cassettes encoding putative variants of the C-terminal ends of this hemagglutinin and that variation of the 3′ ends is promoted through genetic recombination with these cassettes (19) . (iii) An 800-bp islet containing two ORFs (NMB1265 and NMB1264) (Fig. S3B) , relic of a Tn3 transposon, is inserted between NMB1266, a zinc uptake regulator that represses ZunD, a vaccine candidate that elicits reactive antibodies in humans (58), and a putative cobalamin synthesis protein NMB1263 (CobW). CobW was reported to be regulated by Zur in Bacillus subtilis and Corynebacterium diphtheriae and was proposed to code for a lowaffinity zinc transporter (59, 60) . The PC-specific insertion separates Zur and CobW, with a potential impact on the expression profile of a surface-exposed protein and zinc uptake regulation in PC32/269. (iv) A μ-like phage protein (NMB1093) (Fig. S3F) , part of a previously described 35-kb prophage (61), shows significant similarity to the variable outer surface protein C (OspC) of Borrelia species, providing a potential PC-specific surface structure. (v-viii) The other four clade-specific regions are all single ORF insertions with an unclear functional annotation. Interestingly, all of them have a lower than average GC content (minimum 26.3% to maximum 39.3%), suggesting acquisition through horizontal gene transfer. One (NMB0780) (Fig. S3C) inserts into a tetrapyrrole biosynthesis pathway operon, another two (NMB0961 and NMB1330) (Fig. S3 D and G) insert downstream of two nucleotide excision repair proteins, and the last one (NMB1011) (Fig. S3E) inserts in a lipoprotein-rich region.
The five strains belonging to PC8/11 share four PC-specific chromosomal regions, containing eight PC-specific genes (Fig. 2) . All of them are highly conserved (ID > 99.9%), supporting a recent emergence of this clade as well. There are four regions. (i) A 2.64-kb islet containing the NmeDI RMS (NMC0678, NMC0679, and NMC0680) (Fig. S3I ) that replaces other RMSs present at the same locus in other genomes (Table S3 ). This region may have an impact on the ability of this PC to exchange DNA through homologous recombination. (ii) A 1.4-kb islet, containing a Fimbrial protein P9-2 precursor and an hypothetical protein (NMC0209 and NMC0210) (Fig. S3K) , is inserted in a region characterized by a high density of dRS3 repeats and an integral membrane protein located downstream of the insertion, suggesting a potential implication in cell mobility, exogenous DNA uptake, and interaction with host's cells/tissues (62, 63) . (iii) A 0.7-kb insertion located in another dRS3-rich region contains two genes (NMC2175 and NMC2176) (Fig. S3J) belonging to a type II toxin-antitoxin (TA) operon that may be involved in survival on exposure to stress (64) . (iv) A transposable element insertion (NMC0904) (Fig. S3L) is localized in the proximity of a chromosomal breakpoint upstream of an opacity protein relic.
The four strains belonging to PC41/44 share 8 PC-specific chromosomal regions of various lengths, accounting for a total of 11 PC-specific genes (Fig. 2) . Seven insertions are highly conserved (ID ≥ 99.8%), again indicating a recent emergence of this PC.
There are eight PC-specific regions. i) The NmeSIM type II RMS (NZ0533_000353 and NZ0533_000354) (Fig. S3O) is a lineage IIIspecific RMS (65) that replaces the NmeAI type II RMS present in other strains at the same locus (Table S3 ). Specific RMS profiles have an impact on DNA exchange through homologous recombination. (ii) An islet containing PC-specific alleles of two genes (NZ0533_000098 and NZ0533_000099) (Fig. S3N) is involved in the biosynthesis and degradation of surface polysaccharides and lipopolysaccharides, potentially conferring PC-associated capsular specificities. (iii) A hypothetical protein (NZ0533_001670) (Fig.  S3R) inserted between members of an iron sulfur cluster assembly transcription factor operon (NMB1378 and NMB1381) is regulated by the ferric uptake regulator protein Fur in an iron-dependent manner (66) , with a potential impact on the response to iron abundance variations. (iv) A 1.13-kb region containing two hypothetical proteins (NZ0533_001606 and NZ0533_001607) (Fig.  S3Q) is inserted between two conserved ORFs, a t-RNA methyltransferase (NMB1328) and an excinuclease ABC B subunit (NMB1331). (v) A frame-shifted pilin precursor (NZ0533_000034) (Fig. S3P ) is inserted into a highly unstable chromosomal region containing several pilin-related ORFs embedded among dRS3 repeats. (vi and vii) Two transposable elements (NZ0533_002192 and NZ0533_001492) (Fig. S3 M and T) : the former is inserted between a replication initiation factor (NZ0533_002194) and a hemagglutinin/hemolysin family protein (NZ0533_002191), and the latter is inserted between a magnesium chelatase subunit (ChlI family; NZ0533_001492) and a transcriptional regulator (LysR family; NZ0533_001494). (viii) A hypothetical protein (NZ0533_ 000073) (Fig. S3S ) is inserted between a competence factor ComEA (NZ0533_000072), a DNA receptor probably involved in DNA binding and uptake, and a chaperone protein (NZ0533_ 000076). All of the strains analyzed in this study were isolated from invasive cases, except a newly sequenced strain (OX99-30304) and the α14 strain that were isolated from healthy carriers. Multilocus sequence typing (MLST) profiles of the strains were used to perform a nonrandom sampling of the five hyperinvasive lineages CC32, CC269, CC41/44, CC8, and CC11. For each complex, the founder was selected along with one or more peripheral strains (either single or double locus variants of the complex founder) depending on the size of the complex in the MLST space. The remaining five complexes were sampled with a single strain each. All strains were isolated after 1976, and the majority were isolated in the last 15 y. Geographical origin covers the five continents: 10 isolates from Europe, 5 isolates from North and Central America, 2 isolates from Africa, 2 isolates from Oceania, and 1 isolate from Asia. Overall, the dataset, albeit biased to serogroup B and invasive lineages, represents a broad and diverse pan-genomic sample of the meningococcal species. NCBI, National Center for Biotechnology Information; SG, serogroup; ATR, A+T-rich region; nd, not done.
*Shown in parentheses is the number of Correia repeats identified when two mismatches are allowed in the terminal inverted repeats. Each RMS is identified by a numerical label, also shown in Fig. 3 and Table S3 . RMS names correspond to common names present in the literature when available or the reference name of the best match in REBASE (14) . Res and Mod gene identifiers are given for a representative of each system; genomes harboring the RMS are indicated along with the average percent GC of the system. List of the chromosomal loci hosting RMSs. Locus labels in the first column correspond to Fig. S5 . RMS labels in the last column correspond to Table S2 . For each locus, details on the genes at the 5′ and 3′ flank of the RMS are given. Presence (1) or absence (−1) of six PC-specific RMSs is shown for a panel of 189 strains (SI Materials and Methods) obtained from collecting sparse data derived from PCR data published in the present study, previously published PCR data (1), sequence analysis in the genomic dataset of the present study, and 25 additional draft genome sequences available in the public domain. Statistical significance of each RMS-PC association is shown. *Sequence analysis in the genomic dataset of the present study. † Twenty-five additional draft genome sequences available in the public domain. ‡ Previously published PCR data. § PCR data published in the present study. 
